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Abstract
Time histories of wind speed and direction from 394 surface observation stations were ob-
tained to calculate synoptic 50-year return period wind speeds for 11 countries in Europe.
Preliminary investigation indicated wind speed differences along national borders were suc-
cessfully reduced by application of a simple consistent methodology to wind speed data.
This study considers the ideal methodology for calculating synoptic 50-year return period
wind speeds.
Wind speed data requires standardisation through quality control measures, exposure cor-
rection and adjustment for disjunct sampling. A quality control algorithm was successfully
applied to identify shifts of monthly mean wind speeds and data conversion issues. Three
exposure correction models were evaluated and two-layer models were found to perform
better than internal boundary layer models. The differences arise as a result of how the
models adapt to an upstream change of roughness. Furthermore, an empirical model was
formed to correct observations at stations which were not recording measurements hourly.
Extreme value analyses were carried out using a robust estimator to fit the extreme value
distribution type I to storm and yearly maxima. The latter was found to provide more con-
sistent results. Comparison of the resulting 50-year return period wind speeds to existing
literature found that several regions were in good agreement, while other regions exhib-
ited similar spatial variation but greater magnitudes. The differences in magnitude were
partially related to exposure correction methods, thus lending support to the importance
of a single consistent methodology. Directional factors were calculated and subsequently
grouped into six regions exhibiting similar directional characteristics.
Background wind fields were calculated from mean sea-level pressure data using the geostrophic
approximation and consideration of other improved approximations, however, variations in
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the pressure field led to a breakdown of the methodology. A background 50-year return pe-
riod wind field calculated from upper-level wind fields was significantly lower than surface
wind speed estimates due to spatial and temporal smoothing. Finally, assimilation of the
50-year return period wind speeds from surface observations and the background wind field
was explored using the Bratseth scheme for statistical interpolation. The Bratseth scheme
provided an overall 50-year return period wind speed map.
Keywords: 50-year return period wind speeds, homogenising wind data, exposure correc-
tion, boundary layer, extreme value analysis, outliers, Bratseth, synoptic winds, European
wind map
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Chapter 1
Introduction
1.1 Overview
One of the primary concerns in the field of wind engineering is the design and response of
structures subjected to strong winds in the atmospheric boundary layer (ABL). The ABL
is the region of the atmosphere in contact with, and influenced by, the surface of the earth.
Due to the interaction of the atmosphere with the surface, structures contained within the
ABL are subjected to both mean and fluctuating wind effects. In engineering design codes
for structures, the pressure and associated loading applied to these structures is inherently
derived from a 50-year return period wind speed at 10 m height in open-country exposure
(e.g. National Building Code of Canada, NBCC; Eurocode). Moderate differences in wind
speed can result in greatly varying wind loads due to the squared relationship between wind
speed and pressure. A logical conclusion is that accurate estimation of the 50-year return
period wind speed is crucial to all wind susceptible structures and structural elements. To
appropriately consider the effects of wind action on structures, not only the 50-year return
period wind speed, but also the wind climate, requires consideration. The wind climate
1
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provides additional information about important factors such as direction, duration, spatial
variation and storm mechanisms. Arguably the wind climate is still as significant today as
it was when defined as the ‘critical link’ in the wind loading chain by Davenport (1983,
1999).
50-year return period wind speeds are typically calculated from historical surface wind
speed records which may have been corrected for the effects of non-standard anemometer
heights and upstream changes of surface roughness and terrain, then statistically analysed
using an appropriate extreme value distribution. Since the early years of wind engineer-
ing, various methodologies have existed to calculate wind speeds for design purposes. At
the inaugural Wind Effects on Structures and Buildings conference in the United King-
dom (UK), which would later become the International Conference on Wind Engineering
(ICWE), Davenport (1963) presented a gradient level British wind speed map and Shel-
lard (1963) presented a second British wind speed map based on surface-level gust wind
speed measurements. The complexity of the problem has grown over the last 50 years as
alternative methods now exist for each step in the process of calculating 50-year return pe-
riod wind speeds. The consequences are clearly illustrated through the attempt to create a
unified 50-year return period wind speed map of Europe for the original Eurocode. Along
national borders, severe discontinuities exist between 50-year return period wind speeds
for neighbouring countries. Although recent work has indicated a possible reduction of the
largest differences by modifying the underlying methodology (Sacre´ et al., 2007), accurate
estimation of wind speeds used for design has been shown to be critical. The discontinuities
can be significant and they explicitly define the underlying problem in wind engineering
design: the various techniques used by different nations can often result in significantly
different 50-year return period wind speeds.
In this work, the theory that a consistent methodology will reduce observed differences is
considered and the ideal process of determining 50-year return period wind speeds resulting
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from synoptic-scale events, events on the order of hundreds to thousands of kilometres such
as pressure systems, is explored. The former can be examined by the use of a simplified
technique provided it is consistently applied. The latter, however, requires the investigation
of multiple techniques, several of which remain largely unaddressed within the wind en-
gineering community. A number of the issues discussed in this work include the type and
quality of data, surface corrections, disjunct sampling, directionality, extreme value anal-
ysis, outliers and data assimilation. The methods available for considering each of these
aspects contribute differently to the final prediction of 50-year return period wind speeds.
In instances where multiple accepted options have been established within the wind engi-
neering or meteorological communities, the provided analyses compare the feasibility and
performance of each approach. Alternatively, where existing techniques are lacking, new
methods are proposed by means of empirical models using current data or by the exten-
sion of existing models. The purpose is to establish a consistent and ideal methodology
for analysing extreme synoptic winds, and to apply this methodology to generate a unified
synoptic 50-year return period wind speed map of Europe. The remainder of the current
chapter identifies the objectives of the study based on a review of the methodologies cur-
rently employed to calculate synoptic 50-year return period wind speeds. The review pro-
vides a necessary framework through which discontinuities between current and suggested
practices will be identified and examined.
1.2 Objectives
Many current design codes throughout the world remain based on analyses carried out in
the 1990’s, prompting researchers in recent years to explore various improved methods of
developing 50-year return period wind speeds. The United States, while greatly improving
the methods for mixed climates, notably the estimation of wind speeds for design in hurri-
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cane prone regions, have left the remainder of the country relatively unchanged in ASCE
7-10. Concerns remain regarding the methodology in which stations were amalgamated
when forming superstations, and a lack of a proper representation of the varied extreme
wind climate throughout the central regions of the country (Simiu et al., 2003). Despite
these concerns, the majority of the country is governed by a single 3-second gust wind
speed of 40 m/s in ASCE 7-10 (Vickery et al., 2010) which originates from Peterka and
Shahid (1998) for ASCE 7-98. Similarly, the NBCC has had no substantial review of the
process for estimating 50-year return period wind speeds since 1995 (Yip and Auld, 1993;
Yip et al., 1995). Recently An and Pandey (2007) examined 50-year return period wind
speeds in the province of Ontario and have recommended improved statistical methods
for updating the 50-year return period wind speed maps within the NBCC. However, the
50-year return period wind speeds published in NBCC 1995 still exist in original form in
NBCC 2005.
Europe presents a unique opportunity to further this research, as recognition of the dis-
continuities between national borders in Europe has spurred a renewal of interest towards
the improvement of existing 50-year return period wind speed maps for both Europe and
its individual nations. The extreme wind climate in central and northwestern Europe is
dominated by the passage of extratropical cyclones (ETCs), or depressions. Depressions
typically originate near the Icelandic Low, the northern pole of the North Atlantic Oscil-
lation, and track northeast across central Europe. In the summer months, thunderstorms
occur throughout Europe with activity typically peaking for central and northern Europe in
July (Boucher, 2005). Gomes and Vickery (1978) recommended separating extreme wind
climates for individual analysis, which is still considered an essential requirement for cal-
culating wind speeds for design (Holmes et al., 2005; Kasperski, 2009). As the focus of the
current study is on synoptic 50-year return period wind speeds, methods for detecting and
extracting thunderstorms are discussed in Section 3.1.4. With the exception of Kasperski
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(2002), separation of wind climates has rarely been carried out in national wind mapping
studies in Europe.
Individual stations within an observation network are often subject to potentially erroneous
measurements, varying temporal frequency of measurements and are influenced by phys-
ical surroundings such as land cover. These differences must be corrected for in order to
create a consistent wind speed map; this process is herein referred to as the standardisa-
tion of surface wind speed data. A crucial step in the process of estimating 50-year return
period wind speeds is the initial removal of spurious observations which often result in
greatly overestimated, and potentially unrealistic, design requirements. Surprisingly, de-
spite the obvious importance of detecting such records, little to no discussion is provided
by the majority of researchers on whether such observations were detected or even sought.
Two exceptions are Sacre´ et al. (2007) and Burton and Allsop (2009b), where the former
implement a detection technique used by Me´te´o-France for climatic parameters and the
latter provide details of an identification process. Available quality control methods are
further addressed in Section 3.1.
In contrast to the lack of documentation of quality control methods, the correction of wind
speed measurements for exposure to an open-country equivalent is quite common. The dif-
ficulty of selecting an appropriate exposure correction model can arise as there are several
different methods available. Miller et al. (2001) and Burton and Allsop (2009a) use an in-
ternal boundary layer model, while Kristensen et al. (2000) and Sacre´ et al. (2007) use the
commercially available software Wind Atlas Analysis and Application Program (WAsP).
Others such as George (2006) use the geostrophic drag law, typically within a two-layer
boundary layer model. As several options are presently available to appropriately correct
wind speed measurements for both site and upstream surface roughness, each approach will
provide different corrections for a single location depending on the surrounding roughness
and fetch. Thus, the available models require comparison in order to identify the most ap-
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propriate method. Section 3.3 provides these necessary comparisons to improve upon the
existing models.
Throughout the operational lifetime of an observation station it is not uncommon for a
change to occur in the temporal frequency of measurements, most notably with the switch
from manual to automated observation systems. Disjunct sampling has only been ac-
counted for by Frank (2001) and Larse´n and Mann (2009), while remaining unaddressed
by the majority of the wind engineering community. A new empirical model is derived
in Section 3.4 and is subsequently compared to existing alternatives, despite its absence
from discussion in the literature. General characteristics regarding the duration of wind
storms and the relative intensity of hours adjacent the peak is inferred from the results of
the proposed disjunct sampling model.
The methodology for the statistical analysis of extreme wind observations is covered in
Chapter 4. A summary of the types of datasets and extreme value techniques currently
used in calculating 50-year return period wind speeds is provided in Table 1.1. It is clear
that both the type of sampling and extreme value distribution vary among studies. Holmes
Author Region Sampling Distribution Directional
Yip et al. (1995) Canada Annual Gumbel No
˙Zuran´ski and Jas´pin´ska (1996) Poland Annual Gumbel Yes
Peterka and Shahid (1998) US Annual Gumbel No
Kristensen et al. (2000) Denmark Two Months Gumbel Yes
Frank (2001) Denmark Annual Gumbel No
Miller et al. (2001) UK Storm Gumbel Yes
Kasperski (2002) Germany Storm GEV(III) Yes
Sacre´ (2002) France Annual Gumbel No
Miller (2003) Northern Europe Storm GPD No
George (2006) UK Annual Gumbel No
An and Pandey (2007) Canada Storm, r-LOSS Gumbel No
Sacre´ et al. (2007) France Storm Gumbel, GPD No
Burton and Allsop (2009a) Ireland Annual, Storm Gumbel Yes
Larse´n and Mann (2009) Multiple Annual Gumbel Yes
Table 1.1: Statistical methods used in wind engineering to analyse extreme winds
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et al. (2005) do not recommend the use of annual extremes only, as other significant wind
events are often not represented. When considering annual maxima, the Gumbel extreme
value distribution, a special form of the generalised extreme value distribution (GEVD),
has typically been selected as the appropriate statistical model. To increase the number of
wind events considered for statistical analysis, the GEVD has also been applied to other
block maxima such as independent storms. Alternative methods which researchers have
utilised in an attempt to increase the number of events considered for statistical analysis
are r-largest ordered statistics (r-LOSS) and the generalised Pareto distribution (GPD). In
conjunction with increased extreme sampling, Kasperski and Geurts (2005) and Kasperski
(2009) suggest the focus should shift to the consideration of storm duration and the mag-
nitude of wind speeds in hours adjacent the peak. The associated statistical field of study
is titled ‘dependant extremes’ and its full analysis is beyond the scope of the current work.
(e.g. Fawcett and Walshaw, 2008).
Synoptic 50-year return period wind speeds have historically been calculated using a single
source of data, such as, time histories of surface wind speed observations, upper-air wind
speed measurements obtained from radiosonde, or wind speeds calculated from mean sea-
level pressure (MSLP) fields. Most analyses utilise surface wind measurements or MSLP
fields as radiosonde are not typically released in severe extreme wind conditions. Wind
speeds calculated from MSLP fields are typically based on the assumption of geostrophic
balance, thus frictionless flow occurs between straight, parallel isobars and is assumed
to be representative of a wind field sufficiently far from the effects of the surface. The
geostrophic drag law is utilised to calculate an estimate of the associated surface wind speed
from the geostrophic wind components (Miller, 2003; Larse´n and Mann, 2009). A review
and analysis of the various methods for deriving upper-level wind fields from available
re-analysis data is covered in Chapter 5.
Data assimilation techniques allow data obtained from multiple sources to be appropriately
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merged. As previous studies have considered 50-year return period wind speeds calculated
exclusively from surface observations or MSLP fields, a truly unique approach is consid-
ered in Chapter 6. The possibility of utilising the 50-year return period wind field derived
from upper-air measurements in Chapter 5 to supplement the 50-year return period wind
speeds calculated from surface measurements in Chapters 3 and 4 is explored in Chapter 6.
Lastly, the conclusions of the study are presented in Chapter 7.
Chapter 2
Background
2.1 Preliminary Study
A preliminary study was carried out to investigate whether observed differences between
50-year return period wind speeds along national borders in Europe could be reduced by
applying a simple, yet consistent, methodology and was published by Gatey and Miller
(2007). Five examples of regions in Europe where differences exist between national bor-
ders are identified in Figure 2.1, with each region shown in detail in Figure 2.2. The plot of
each region has two portions; the left panel represents peer-reviewed 50-year return period
wind speeds which have been published in conjunction with the methodology, and the right
panel contains a comparison of the latest national building codes or national annexes (NAs)
to Eurocode. Sources of the various 50-year return period wind speed values shown in Fig-
ure 2.2 are summarised in Table 2.1. All 50-year return period wind speeds are 10-minute
mean wind speeds at 10 m height for a roughness length of 0.05 m with the exception of
the values for the UK. Both Miller et al. (2001) and BS6399-2 (based on Cook and Prior,
1987) provide hourly-mean wind speeds at 10 m height for a roughness length of 0.03 m,
9
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Figure 2.1: Regions of interest in Europe for the preliminary study
however, the combined correction from hourly-mean to 10-minute mean wind speed and a
roughness length of 0.03 m to 0.05 m is generally taken as unity. Visual inspection suggests
the German NA is based on Kasperski (2002) and the values for the French NA are possibly
based on the methodology described by Sacre´ et al. (2007) who cite a reduced value (26
m/s) for a station on the French coast near the Belgian border which matches the French
NA. Several discrepancies are noted here:
• 50-year return period wind speeds in France have been considerably reduced.
• The existing French values provided a better match to the Spanish code along the
France-Spain border. Since the border between France and Spain follows the Pyrene´es,
a true difference between wind speeds may exist.
• Differences have been reduced between the UK and France, however, there is still a
considerable difference between the UK and both France and Belgium.
• Differences have been reduced along the border between France and Germany, how-
ever the values lack continuity which is likely a result of differences in contouring.
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Figure 2.2: Comparison of European 50-year return period wind speed maps, published
(left) and National Annexes (right), continued on next page
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Figure 2.2: Comparison of European 50-year return period wind speed maps, published
(left) and National Annexes (right)
Country Published Code
Spain – DB SE-AE 2009
France Sacre´ (2002) NF EN 1991-1-4 NA
UK Miller et al. (2001) BS6399-2
Belgium – NBN EN 1991-1-4 NA
Netherlands – NEN EN 1991-1-4 NA
Germany Kasperski (2002) DIN EN 1991-1-4 NA
Denmark Kristensen et al. (2000) DK EN 1991-1-4 NA
Table 2.1: Sources of 50-year return period wind speeds by country
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• Large differences continue to exist between Denmark and Germany for 50-year return
period wind speeds.
The majority of the NAs were unavailable or incomplete at the onset of the preliminary
study, thus the study sought to reduce the discrepancies between the published values in
Sections II through V. The NA values will provide additional comparison for the current
study despite a lack of documentation regarding the underlying methodology for several
nations.
Global surface summary of the day data was obtained from the National Climatic Data Cen-
ter (NCDC), a division of the National Oceanic and Atmospheric Administration (NOAA).
Basic quality control checks found that multiple years of data, at several stations, had to
be omitted as a result of errors stemming from improper unit conversion. The data was
processed using a basic traditional methodology for calculating 50-year return period wind
speeds. Corrections were applied for anemometer height and the surface roughness rep-
resentative of the site, thereby neglecting upstream effects, using the Deaves and Harris
model (further discussed in Section 3.3.3). Annual maxima were extracted for each station
and estimates with probability of exceedance of 0.02 were calculated using the Gumbel
distribution (defined in Section 4.1). One of the major recommendations arising from the
extreme value analysis in the preliminary study was for future investigations to consider
methods for statistically identifying outliers, either spurious or relating to a longer return
period. A method for statistically identifying outliers appearing in a dataset is presented in
Section 4.3.
The conclusions for the study included improved correlation across the English Channel
and along the France-Germany border. Differences along the border between Denmark
and Germany were less than those resulting from Kasperski (2002) and Kristensen et al.
(2000), but still displayed notable discrepancies. Overall, the unified process found better
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correlation across borders than various complex procedures being used individually by
each nation. By identifying an ideal methodology for calculating 50-year return period
wind speeds, estimates from the current study can be directly compared to Figure 2.2 to
evaluate whether discrepancies arise from over- or under-estimation by a single nation or if
a compromise can be established between existing values.
2.2 Surface Data
The dataset obtained for the current work consists of global hourly and synoptic observa-
tions from the Integrated Surface Database (ISD), digital dataset DS-3505, managed by
the NCDC. The ISD contains two fixed length and three variable length sections. The for-
mer two are the control and mandatory data sections and the latter three are the additional
data, remarks data and element quality data sections. The observations of interest are the
mean wind speed and wind direction (mandatory data section), present weather identifiers
and supplementary wind observations (additional data section) and observer comments (re-
marks section). Full ISD documentation can be found in NCDC (2010).
The present weather identifiers and supplementary wind observations are recorded with
varying temporal frequency. For example, the latter contains the recorded gust wind speed
and/or gust wind direction, which are typically only recorded when the velocity exceeds
a predetermined threshold (which may also vary temporally). In some instances the gust
wind speeds may not be recorded at all. The remarks section occasionally contains addi-
tional mean wind speed or gust wind speed measurements, as well as comments regarding
thunderstorms or other relevant meteorological observations. Many of the remarks con-
tained within the section follow the practices outlined in NOAA (2005).
Mean wind speeds may also vary in sampling duration; common measurements include
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hourly, continuous 10-minute mean, 10-minute mean before the hour and a 2-minute mean.
Similarly, gust wind speeds may be block or continuous measurements. The directive of
the World Meteorological Organization (WMO) mandates that anemometers should be lo-
cated in open-country exposure and standard averaging times of 10-minutes and 3-seconds
should be used for the mean and gust wind speeds respectively (WMO, 2008). As such, the
mean and gust wind speeds documented in the ISD have been assumed to be a 10-minute
mean wind speed recorded during the 10-minute period prior to the hour and a nominal
3-second gust wind speed observed throughout the hour. Measuring the 10-minute mean
exclusively on the hour neglects 50-minutes of available wind observations. Continuous 10-
minute mean wind speeds are thereby preferable, however, 10-minute mean wind speeds
measured during the 10-minute period prior to the hour are available for the longest peri-
ods. Observation networks such as the Automated Surface Observing System (ASOS) have
now been recording continuously since 1998 and in the next decade will provide enough
data to improve estimates of the true continuous 10-minute mean wind speeds in the US.
Many stations currently report two times per hour, in these instances the observation near-
est the hour is selected to maintain consistency throughout the record. When analysing a
wind event it is important to consider the averaging time which will best represent the type
of system or storm. Giving consideration to the characteristics of the European synoptic
wind climate, the 10-minute mean wind speed is selected as the data type which best rep-
resents the synoptic events of the region. The mean wind speed is also the most commonly
available wind measurement thereby ensuring sufficient data for analysis.
In addition to the errors identified by Gatey and Miller (2007), Burton and Allsop (2009b)
found that annual extremes extracted from a NCDC dataset do not directly match values
obtained from records provided by local authorities. The problem may arise from mixing of
recorded mean and gust wind data, the data from the local authorities may be of a different
averaging time, or an observation may have simply been incorrectly transcribed. Identifi-
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cation of these observations, and treating them in a consistent manner, is an important step
in the overall methodology and is discussed further in Section 3.1.
2.3 Station Selection
The countries of interest located within Europe are Portugal, Spain, France, Ireland, UK,
Belgium, Netherlands, Germany, Denmark, Czech Republic and Poland. For each WMO
station present within the ISD, an inventory is available which indicates the available num-
ber of observations per month on a annual basis. As a preliminary classification, all WMO
stations within the countries of interest are queried and classified as primary, secondary
or tertiary based on the number of complete years and number of observations per month.
For the latter criteria, thresholds of 500 and 200 observations per month are selected as
the minimum number of observations as they correspond to approximately a 28 day month
containing 18 and 8 observations per day respectively. The criteria for the three classifi-
cations are identified in Table 2.2. The inventory was originally parsed for observations
commencing January 1970, however, few stations were found to have records in the period
1970-1972. As such, a consistent start date of 1973 was selected. Stations were mapped
and hand-selected to ensure adequate spatial coverage where available, with preference
given to stations of higher classification. The resulting 394 selected stations are shown in
Figure 2.3 and a listing is provided in Appendix A. The entire data record is obtained from
the ISD for each selected station and the relevant observations discussed in Section 2.2 are
extracted for analysis.
Classification Criteria
Primary (I) Minimum 25 years of data and 500 observations/month
Secondary (II) Minimum 25 years of data and 200 observations/month
Tertiary (III) Minimum 15 years of data and 200 observations/month
Table 2.2: Classifications and associated criteria for station selection
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Figure 2.3: Map of selected WMO stations
Chapter 3
Standardisation of Wind Speed Data
50-year return period wind speeds are to be representative of wind speeds recorded at 10
m height in open-country exposure. Standardising wind speed data provides a consistent
framework for engineers to adjust standardised values to better suit the conditions at a spe-
cific location. In the current work, standardisation is carried out in two steps. First, wind
speed data is assessed by quality control algorithms, from which erroneous measurements
and discontinuities in time histories are identified in a consistent manner. Second, wind
speed measurements are modified to allow observations at different locations to be directly
compared irrespective of site characteristics or sampling frequency. The latter process is
commonly referred to as homogenisation. The following sections address quality con-
trol algorithms, atmospheric boundary layer models, site exposure corrections and disjunct
sampling.
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3.1 Quality Control Measures
3.1.1 Background
When carrying out a statistical analysis of extremes, if left undetected spurious observations
can greatly affect 50-year return period wind speed estimates. Methods for identifying such
observations require attention, particularly for the current work where a subset of maxima
is sought and errors are known to exist within the ISD. Quality control measures can also
aid in determining if annual mean wind speeds are consistent over the entire data record
or if considerable discontinuities exist. Identification of a shift may indicate changes of
instrument location, height or local surroundings.
Throughout the operational lifetime of a synoptic weather station, it is not uncommon for
the height or location of the anemometer to change, or for instrumentation to be upgraded.
Quite often a meteorological agency will upgrade all instrumentation for a given date, al-
though in practice it may be several months before the upgrades are operational at every
location. Each of the possible changes will have a specific effect on the measured wind
speed. A change of anemometer height will be most apparent from a shift of the mean
wind speed for all directions, however, a change of anemometer location can be much more
complex. If the old and new site have very similar exposures for all directions, a change
may not be detectable unless otherwise documented. Conversely, a new location where the
exposure differs directionally from the prior location will experience changes of mean wind
speed and gustiness in the affected directions. The gustiness at a site can be represented by
the gust factor, the ratio of the gust wind speed to mean wind speed. Lastly, a change of the
anemometer or chart recorder should not be apparent from the mean wind speed records, as
any changes to the response length or gust averaging time should be filtered out over a suf-
ficient averaging period. The change will most likely affect measurements of the gustiness.
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Documentation is occasionally available from meteorological agencies identifying dates of
location or instrumentation changes, if unavailable, it is important to identify these changes
to at least be aware that they exist.
At present, only two 50-year return period wind speed studies identify the methods cho-
sen to pre-process meteorological data. Sacre´ et al. (2007) implement a detection method
called PRODIGE which is described by Caussinus and Mestre (2004) and used by Me´te´o-
France. The PRODIGE algorithm is applied to annual mean data from stations assumed to
be influenced by the same climatic conditions. Each series is assumed to be a combination
of a climate effect, station effect and random white noise (Caussinus and Mestre, 2004).
In performing the analysis across multiple stations, the climatic effect should be spatially
redundant, thus allowing differences due to station effects to be identified. A penalised
log-likelihood procedure of Caussinus and Lyazrhi (1997) is used to detect change-points
and outliers, and least-square estimates of the climate and station effects are used to correct
the data. To vastly reduce the number of hypotheses and computational time, a prelimi-
nary stage consisting of pairwise comparisons of the station record with those from neigh-
bouring locations is required. These difference series, in conjunction with the penalised
log-likelihood procedure and manual synthesis, are used for pre-selection of change-points
and outliers in monthly or annual mean data. A procedure which can be automated with-
out requiring a pre-selection stage is preferred for the number of stations considered here.
In addition, the resulting ‘corrected’ data may not be appropriate for wind observations
particularly those exhibiting significant directional variation. For an anemometer sited in
relatively open terrain, a change of height will likely have an isotropic influence on the
wind speeds, in this situation a single station effect will be appropriate for all wind speeds
measured at the location. However, if the location of an anemometer has changed, then
differences in surface roughness may only occur for certain azimuths, therefore, the true
station effect may exhibit anisotropy. Caussinus and Mestre (2004) note the PRODIGE
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model requires better detection of gradual changes and of breaks when the shift of the
mean is less than the standard deviation.
Burton and Allsop (2009a) pre-process wind speed data in an attempt to identify individual
observations for removal. Mean wind speeds greater than 20 m/s and three times greater
than both adjacent mean hourly observations are classified as errors or thunderstorms, both
of which are excluded from a synoptic climate analysis. For a number of regions in Europe
of interest in the current work, the 50-year return period wind speed is less than 27 m/s,
as was shown in Figure 2.2. A representative set of annual maxima will likely contain a
subset of extremes which are less than 20 m/s, therefore, the maxima contained within the
subset are not necessarily validated e.g. an annual maximum of 18 m/s is not considered
by the pre-processing scheme. Such a situation is likely to arise, particularly when eval-
uating directional extremes where maxima occurring from non-dominant wind directions
are, in general, substantially lower than dominant wind directions. A lower threshold of 15
m/s suggested by Burton and Allsop (2009b) is likely more appropriate. Ideally, a method
which can be applied to ensure the quality of every hourly wind observation is desired. The
data can then be used to accurately derive the parent distribution if desired and, more im-
portantly, ensures the validation of maxima regardless of the strength of the wind climate.
A combination of the aforementioned quality control measures are required. Quality con-
trol measures are divided into two levels for the current work, global or high-level quality
control measures and localised or low-level quality control measures. The global quality
control measures include physical limits checks based on DeGaetano (1997) and a ho-
mogenisation algorithm by Domonkos (2011). Localised quality control measures are
based on the wind speed variability checks established by DeGaetano (1997) for hourly
surface measurements and are expanded to consider additional information relevant to the
current analysis. Additional quality control measures for a range of meteorological param-
eters are discussed by Graybeal et al. (2004).
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3.1.2 Global Quality Control Measures
Several global quality control measures of ranging complexity are considered. The most
basic checks are for observations flagged as suspect or failing the ISD quality control de-
scribed by Lott (2004). Other minor tests include physical limit checks identified by De-
Gaetano (1997). The checks ensure the mean wind speed is less than the gust wind speed,
the wind direction is a multiple of 10 and that measurements obtained during calm periods
are properly transcribed.
The majority of observations within the ISD are reported on the hour, 10-minutes prior
or 10-minutes after. Observations are prioritised in this order and, where multiple records
exist, the highest ranking observation is selected resulting in a single observation for each
hour. After culling the redundant observations, each station is tested against the tertiary
classification outlined in Table 2.2 to ensure all stations meet the stated basic requirements.
If a year of observations fail to meet this criterion, the year is removed from the record
to ensure sufficient temporal resolution of observations throughout the year. Insufficient
observations may be due to downtime associated with anemometer damage, measurement
system replacement, freezing, or a site change. For several measurement stations in Ger-
many, there are years where no records are reported at the expected reporting times, instead
reporting was performed at 44 minutes past the hour. Thus, if a year is to be omitted due
to insufficient measurements at the expected reporting times, a procedure is implemented
to scan the previously parsed observations to evaluate whether there is a specific reporting
minute which satisfies the minimum observation criterion.
A method for identifying shifts in the annual mean wind speeds by Caussinus and Mestre
(2004) was discussed in Section 3.1.1. Although the resulting corrected time histories may
not be appropriate for wind speed data, the detection of change-points and outliers is of
interest. An automatic homogenisation procedure based on the PRODIGE method is given
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by Domonkos (2011). The method, an adapted Caussinus-Mestre algorithm for networks
of temperature series, is herein referred to as ACMANT. The PRODIGE and ACMANT
methods are both recommended based on standardised benchmark tests carried out by Ven-
ema et al. (2011). The ACMANT method contains two detection schemes, the main de-
tection is based on annual means and summer-winter differences and secondary detection
is used to identify short-term inhomogeneities. Domonkos (2011) notes that the radiation
intensity affects temperature measurement and as a result, anomalies between time series
during the summer naturally exhibit larger inhomogeneities than during the winter. Thus,
the secondary detection scheme is based on monthly mean values and includes a harmonic
annual cycle to account for the seasonal variation of inhomogeneity size. Theoretically,
a similar cycle potentially exists for mean wind speed observations at mid- and upper-
latitude locations as a result of the seasonal variation of surface roughness. In the winter
months, deciduous plant species will shed their foliage and the surface is typically covered
by snow. Under such conditions, wind speeds likely exhibit greater spatial correlation, re-
ducing anomalies between time series, than during summer months when anemometers are
affected by varying types and degrees of local vegetation. The correlation between monthly
mean wind speeds as a function of month is shown for Bournemouth Airport, Hurn, UK
and Caen-Carpiquet Airport, Carpiquet, FR in Figure 3.1 and indicates the assumption is
appropriate.
The ACMANT method was carried out on six overlapping regions of approximately 100
stations as shown in Figure 3.2. For stations in overlapping regions, the detected change-
points were found to be consistent between runs since the ACMANT method bases in-
homogeneity detection on differences between stations whose series are well correlated.
Figure 3.3 shows a typical time series and the identification of detected shifts by year.
To evaluate the impact of the previous assumption regarding the variation of inhomogeneity
size by month, the monthly mean wind speeds for stations within the zone encompassing
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Figure 3.1: Correlation of monthly mean wind speeds between Bournemouth Airport, UK
(WMO 03862) and Caen-Carpiquet Airport, FR (WMO 07027)
the UK and Ireland was shifted by six months and the ACMANT method was carried
out a second time. Between the original and modified time series, approximately 75 per-
cent of the change-points were common within a couple months between the two datasets.
Analysis of the change-points detected for winter and summer months between the two sets
indicates a difference of only six percent, thus, even in a severe case where the annual cycle
is assumed out of phase, the algorithm does not greatly impact the detected change-points
for the current data.
Detected change-points were compared to what limited documentation on location, height
and instrumentation changes could be found from the websites of various meteorologi-
cal agencies, particularly Met ´Eireann, Koninklijk Nederlands Meteorologisch Instituut
(KNMI) and Deutscher Wetterdienst (DWD); publications, Cappelan and Jorgensen (1999),
Traup and Kruse (1996) and Verkaik (2001); and other available resources. Shifts verified
to be related to a change of location or height are further considered in Section 3.3 for
exposure correction.
Gatey and Miller (2007) showed that there were data conversion issues in the ISD for
several stations based on mean wind speed data and fluctuations of the associated gust
factor. In examining the detected change-points by country it was found that for several
